The transport of the deep western boundary current was 9 _+ 3 Sv. These and other transport estimates are plausibly close to previous calculations, but we do not claim that they represent the temporal mean. For comparison purposes we have done an inversion using the hydrographic/O 2 data alone as in previously published results and obtained qualitative agreement with the combined inversion. Inversion of the acoustic measurements alone, when corrected for instrument biases, leaves unacceptably large mass transport residuals in the deep water. Our conclusion is that the inversion of the combined data sets produces results much improved over those from using either acoustic or hydrographic/chemical constraints in isolation. The procedures are close analogues to those which can be used with satellite altimeters and are a procedure for obtaining very accurate geoid slope measurements.
Previous estimates of near-synoptic absolute velocities near the Gulf Stream have been based upon hydrographic data plus sparse arrays of neutral!y buoyant floats [e.g., Volkmann, 1962] or discrete current meter or shipborne transport measurements [e.g., Richardson, 1977; Halkin and Rossby, 1985] . The dense spatial coverage of the acoustic profiling system suggests that much of the spatial aliasing error that is unavoidable with sparse sampling might be eliminated here, and we may be able to obtain much more certain estimates of water mass flux rates in this region. In addition, these measurements present an interesting opportunity to do a number of things: to better understand the accuracy and pre- The velocity field will be estimated in this paper by three methods' direct use of the 18 current measurements to define a reference level, an inverse method (not using velocity measurements), and a combined inversion using hydrographic, 02, and velocity data. All three methods assume geostrophy and mass balance, and they assume that mass flow from the outer shelf into the slope water is negligible. The average velocity at 60 m between station pairs was used as a reference for geostrophic calculations throughout the water column. Once this was done, the total transport for each section was determined. Initially, the volume transport across the south section was 42 x 10 6 m3/s greater than that across the nbrth section. The two transports could be made to balance by subtracting a constant offset of 1.9 cm/s from velocities on the south section and adding the same value to the velocities on the north section. We believe this value to be due to a systematic bias in the Doppler velocities, best understood as follows.
If one decomposes Doppler currents into components parallel and perpendicular to a vector defined by the ship's motion over the earth, then an error, g0, in the transducer alignment and ship gyro compass, for a ship speed U, will produce an apparent athwartship velocity of U sin g0. Table 1 lists isopycnals used to subdivide the water column into 13 layers. We find, for example, that in layers 7-12, approximately 7.8 Sv more fluid enters the volume than leaves it. We believe these imbalances are too large to be physically acceptable and that by demanding their removal we can learn more about the structure of the true flow field. A systematic procedure for removing the imbalances is applied in the next section.
ESTIMATES OF THE ABSOLUTE OCEAN VELOCITY FIELD
We seek a best estimate of the absolute flow field in the sections of Figure 1 ; the estimate will be required to satisfy The total velocity field is required to satisfy a number of requirements. We demand conservation of mass and salt in the entire volume, conservation of both in each of the layers, and oxygen conservation in each layer below the surface one. Each of these conservation demands is a linear relationship between the geostrophically computed inflow and outflow, the transfers across upper and lower bounding isopycnals, and the areas of the bounding surfaces. Because the observations are imperfect and because the purely geostrophic model is not complete, none of the conservation conditions is to be satisfied perfectly but should leave an error which we will discuss below.
Any of the conservation requirements described can be writ- The 18 equations of (1)can be simply appended to the mass, The sign convention is that a positive mass flux is to the north and east. The values represent the total integrated along the section. Units are 10 9 kg/s. salt, and oxygen constraints of (3) For each equation in the resulting combined set, a weighting factor was introduced so that the equation became nondimensional and had a weight inversely proportional to the estimated error in that equation. That is, the equations were multiplied by a numerical factor so that all scaled equations had unit expected error variance. This weighting is done as part of all conventional least squares schemes. A column weighting was also done so as to provide maximum numerical stability and to reflect our a priori estimate (described below) of the relative magnitudes of wi* and bi. It is not difficult to show that column weighting has no effect on the solution if the system is in fact overdetermined. Both forms of weighting are described in detail by Lawson and Hanson [1974] The system (4) consists of 68 equations in the 18 unknown bj plus 12 unknown wi*. One may regard the values of the errors in each equation as an additional 68 unknowns if desired. As always, one needs to determine whether the rank of the system (4) is actually equal to 30, in which case all the unknowns are fully determined and we have a conventional regression problem, or whether it is rank deficient, leaving us with an inverse problem (as was discussed, for example, by , the distinction between these two types of problem is more apparent that real). As one example of the methods used here (and elsewhere), we show a plot in Figure Figure 7a , generally speaking, the wi* are indistinguishable from 0. The question we raise is whether any more information about them can be extracted from the system. This question is equivalent to asking whether we have really used up all the information available in our observations. As part of any inverse procedure, one must examine the residuals in the original constraint equations which result from the model parameter determination. Figure 9 displays the mass balance residuals for our rank 25 solution. If the information has been exhausted, these residuals should be purely random (i.e., structureless white noise). In the present case, they are somewhat large and clearly structured, suggesting that there is more to be gained from the system. We have already noted a suspicion that the mass/salt/O2 equations were given too much weight relative to the acoustic velocity equations, i.e., that the acoustic error may be less than 3 cm/s, which would account for a choice of rank which is too small. On the other hand, if we carry the rank to a maximum possible value of 30, then all parameters are fully determined (the system is then equivalent to a conventional overdetermined least squares problem), including the w•*. The solution for w•* resulting from a rank 30 choice is shown in Figure 7b ; the difference between the acoustically determined and rank 30 reference velocities is shown in Figure 8 , and the equation residuals are shown in Figure 9b . The error bars shown for w•* are now wholly due owing to data noise; we can see that an "upwelling" in the thermocline and a "downwelling" near bottom appear to be statistically significant in this new solution. Systematic offset, between acoustic and reference level velocities (Figure 8) are -1.2 + 0.95 and 3.2 + 1.5 cm/s for the south and north sections, respectively, at rank 30.
The mass transport residuals (Figure 9b ) have been reduced in magnitude and are less structured. There is a hint that there is yet more information remaining. This result is a suggestion that a more complex model is required to fully explain the data. Such a model might, for example, encompass a more sophisticated from of cross-isopycnal mixing, permitting different rates for mass, salt, and oxygen. It is also possible that the remaining structure owes its origin to mass storage terms which are a function of depth. We conclude, however, that further pursuit of model complexity is not warranted with the present data set.
The final best estimates of the mass fluxes layer by layer are tabulated in Table 1 . Figures 10 and 11 show the total transports and bottom water transports in each station pair for the two sections, as well as the sum accumulated from the northern end of each line. These results will be described more fully below. Figures 10a and 10c ) and integrated transport (Figures 10b and 10d) as a function of station position for south section (Figures 10a and 10b) and north section (Figures 10c and 10d) With only the acoustic constraints there is no information available about the wi*, as they do not even appear in the model (constraint equations) used. Figure 8 compares the velocity of the rank 25 and 30 combined inversion with that of the nearly pure acoustic one. There is agreement within about 2.5 cm/s rms at rank 30 because we required it. Larger differences exist between the acoustic data and the rank 25 solution, which was less constrained to match the acoustic measurements.
DISCUSSION: THE GULF STREAM SYSTEM

Pure Hydrographic Inversion
Previously published hydrographic inversions [e.g., Wunsch et al., 1983 ] usually employed only the equivalent of the last 50 constraints of (4), i.e., only what might be referred to as the budgeting requirements. The restriction to this type of constraint occurred only because no further information was available, not because inverse methods are restricted to such simple models (we have already shown the inversion of the combined system of equations (4)). A general rule of oceanic model making is that one should use everything one knows, leading as was discussed elsewhere to "eclectic" models. Nonetheless, it will often be true, certainly for almost all use of historical data, that no further information beyond the budgeting requirements will be available, and thus it is interesting to see how well the budgeting constraints alone can (5) of about 0.4 cm on this same scale, or 10 -7, an error far smaller than can be obtained gravimetrically [Zlotnicki, 1984] . Alternatively, our total transport error of about 10 Sv over distances of 400 km becomes a slope error of 3 cm, or 7.5 x 10 -8 on this scale. Evidently, the large-scale combination of acoustic measurements with hydrography/chemistry, as has been done here, could ultimately lead to global scale geoid slope estimates if adequate altimetry is also available.
We have learned that the acoustic measurements carry information independent of the budgeting constraints (no surprise) and that the budgeting constraints carry information independent of the acoustics (also no surprise), are useful in improving acoustic measurements, and will likely show even more dramatic effects in regions of weaker currents.
